Introduction {#Sec1}
============

In December 2019, the outbreak of novel coronavirus disease 2019 (COVID-19) emerged in Wuhan, China. To date, the outbreak has turned into a pandemic, infecting millions of people globally \[[@CR1]\]. Although the virus, also known as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), mainly manifests as an acute respiratory infection \[[@CR2]\], recent evidence suggests that 36% of affected patients exhibit neurological sequelae \[[@CR3]\]. Neurologic symptoms are more common among severe cases of the disease, regarding that 84% of the intensive care unit (ICU)--admitted SARS-CoV-2 patients exhibited at least one neurologic symptom \[[@CR4]\]. In line with these, brain magnetic resonance imaging (MRI) investigations in SARS-CoV-2 patients show multifocal hyperintense white matter lesions and cortical signal abnormalities (particularly in the medial temporal lobe) on fluid-attenuated inversion recovery (FLAIR), along with intracerebral hemorrhagic and microhemorrhagic lesions, and leptomeningeal enhancement \[[@CR5], [@CR6]\]. Electroencephalogram (EEG) studies demonstrate high amplitude monomorphic delta waves, indicating the central nervous system (CNS) involvement in SARS-CoV-2 patients \[[@CR7]\]. Also, functional magnetic resonance imaging (fMRI) is recently proposed as an independent predictor of neurologic outcomes \[[@CR8]\]. SARS-CoV-2 patients present with elevated plasma levels of neurofilament light chain protein (NfL) and glial fibrillary acidic protein (GFAP), which are known as biochemical indicators of neuronal injury and glial activation, respectively \[[@CR9]\]. Also, postmortem brain autopsies demonstrate virus invasion to different brain regions, including the hypothalamus and olfactory bulb, accompanied by neural death and demyelination \[[@CR10], [@CR11]\].

Several pathogenic mechanisms have been proposed for the neurological deficit in SARS-CoV-2: indirect CNS involvement through systemic inflammation, direct invasion of the virus into the CNS, multi-organ failure, hypoxia, sepsis, etc. \[[@CR12], [@CR13]\]. In this article, we aim to revisit the possible pathomechanisms that may contribute to development of neurologic complications in patients afflicted with this virus with a substantial focus on immunological pathways.

Pathomechanisms of Immune-Mediated CNS Involvement by COVID {#Sec2}
===========================================================

Regarding the fact that SARS-CoV-2 exhibits a 75--80% genome sequence similarity to its predecessors, namely severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) \[[@CR13]\], we first discuss the immunologic aspects of neurologic sequelae for the SARS-CoV and MERS-CoV.

SARS-CoV {#Sec3}
--------

Severe acute respiratory syndrome (SARS) caused by SARS-CoV emerged in Asia in 2003 and mainly manifested as an acute respiratory infection. However, studies demonstrate that SARS-CoV associates with neurological deficits like stroke, encephalopathy, seizure, Guillain-Barre syndrome (GBS), and brainstem involvement \[[@CR14]--[@CR16]\].

Several findings reinforce the idea of CNS involvement in SARS-CoV: first, postmortem SARS-CoV patients mostly show cerebral edema and meningeal vasodilation in autopsy investigations \[[@CR17]\]. Second, SARS-CoV genome sequences are found in cerebrospinal fluid (CSF) and throughout the hypothalamus and cortex of infected patients \[[@CR17], [@CR18]\]. Third, in vitro studies demonstrate that human glial cells, as well as brain endothelial and smooth muscle cells, express angiotensin-converting enzyme 2 (ACE-2) \[[@CR19]\]. Further investigations in rodents show that ACE-2 is expressed in brain regions like cortex and raphe and brainstem, predominantly in neurons \[[@CR19]\]. Also, spatial distribution analysis reveals that ACE-2 is highly expressed by neurons and glial cells in different human brain regions, including middle temporal gyrus, cingulate gyrus, substantia nigra, choroid plexus, and, to a lesser extent, hippocampus \[[@CR20]\]. ACE-2 is a type I transmembrane metallocarboxypeptidase that acts as a receptor for SARS-CoV as well as SARS-CoV-2 \[[@CR21]\]. Binding of viral spike (S) protein to ACE-2 receptors accompanied by proteolytic cleavage of viral spike protein mediated by transmembrane serine protease 2 (TMPRSS2) facilitates cell entry (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR21]\].Fig. 1Three phases of CNS infection by SARS-CoV-2. First, the virus directly invades the brain through vascular or retrograde axonal transport within the cribriform plate, and thus the viral load increases in the CSF. Second, the virus infects, replicates in, and kills neural cells through ACE-2 receptors and TMPRSS2, a facilitator of viral entry. Finally, in the third phase, the immune-mediated response against the virus can indirectly involve the brain, although the viral replication declines in this last phase. CNS central nervous system, ACE-2 angiotensin-converting enzyme 2, TMPRSS2 transmembrane serine protease 2. Adopted from <https://www.dpz.eu/de/infothek/wissen/coronaviren.html>, by Markus Hoffmann. Adopted with permission

Systemic inflammatory response syndrome (SIRS) is defined as excessive host immune response against noxious stimuli (e.g., viral infection), through which the primary protective role of cytokine release turns into a detrimental response against host tissues, leading to impaired integrity of capillary walls and end-organ dysfunction \[[@CR22]\]. SIRS accounts for the neurologic sequelae found in SARS-CoV patients \[[@CR23]\]. SARS-CoV infects macrophages, monocytes, and dendritic cells and upregulates the expression of pro-inflammatory cytokines (e.g., tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6)), and inflammatory chemokines (C-C motif chemokine ligand 2 (CCL2), C-C motif chemokine ligand 3 (CCL3), C-C motif chemokine ligand 5 (CCL5), C-X-C motif chemokine 10 (CXCL10)) \[[@CR24]\]. Complicated cases of SARS-CoV exhibit higher levels of pro-inflammatory cytokines like IL-6 and interferon-γ (IFN-γ), making them more susceptible to neurologic complications \[[@CR25]\]. Studies on postmortem cases indicate that lymphocytes and monocytes infiltrate in brain vessel walls, exacerbating the neuronal degeneration and demyelination process \[[@CR17]\]. Last but not least, indirect immunofluorescence staining and cell-based enzyme-linked immunosorbent assay (ELISA) study in the serum of SARS-CoV patients reveal the presence of IgG and IgM autoantibodies as well as complement cytotoxicity against human epithelial and endothelial cells \[[@CR26]\]. This finding implies a role for autoimmunity in post-infectious complications of SARS-CoV.

MERS-CoV {#Sec4}
--------

Middle East respiratory syndrome (MERS), another respiratory infection from the CoV family, was first reported in Saudi Arabia in 2012. Nearly 20% of MERS-CoV patients develop neurologic manifestations during the disease course \[[@CR17]\]. However, the neurologic sequelae do not always occur in the infection process and might manifest after a delay of 2 or 3 weeks \[[@CR17]\]. Stroke, encephalopathy, seizure, GBS, and brainstem involvement could accompany MERS infection \[[@CR16], [@CR17]\]. Brain MRI in neurologically affected MERS-CoV patients reveal hyperintense lesions in white matter and subcortical frontal, parietal, and temporal lobes, along with basal ganglia and corpus callosum \[[@CR27]\]. The mechanisms of neurological involvement in MERS-CoV are almost similar to SARS-CoV, with a surge in circulating cytokine levels and a role for autoreactive autoantibodies \[[@CR28], [@CR29]\].

SARS-CoV-2 {#Sec5}
----------

SARS-CoV-2 invasion throughout the CNS can be divided into three phases: first, the virus directly invades the brain through vascular or retrograde axonal transport within the cribriform plate, and thus, the viral load increases in the CSF \[[@CR4]\]. Second, the virus infects, replicates in, and kills neural cells through ACE-2 receptors \[[@CR30]\]. Third, the immune-mediated response against the virus can indirectly involve the brain, although the viral replication declines in this final phase \[[@CR31]\] (Fig. [1](#Fig1){ref-type="fig"}).

Recent evidence shows that the third phase (also known as SIRS) accounts for the majority of CNS disturbances mediated by SARS-CoV-2 \[[@CR31]\]. SARS-CoV-2 invades astrocytes, macrophages, and microglia in CNS and induces a pro-inflammatory state characterized by increased levels of inflammatory mediators including interleukin-1β (IL-1 β), interleukin-2 (IL-2), IL-2 receptor (IL-2R), interleukin-4 (IL-4), IL-6, interleukin-10 (IL-10), interleukin-18 (IL-18), IFN-γ, TNF-α, granulocyte colony-stimulating factor (GCSF), monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 1-α (MIP-1α), CXCL10, CCL2, and C-reaction protein (CRP) \[[@CR25]\]. Also, SARS-CoV-2 induces in vitro expression of inflammatory cytokines such as IL-6, interleukin-12 (IL-12), interleukin-15 (IL-15), and TNF-α in glial cells \[[@CR17]\]*.* Severe cases of the disease compared with non-severe cases tend to increase in circulatory levels of IL-2, IL-2R, IL-6, IL-10, IFN-γ, TNF-α, CCL2, procalcitonin (PCT), CRP, erythrocyte sedimentation rate (ESR), and white blood cell (WBC) and neutrophil counts and decrease in total lymphocyte, CD4+ T lymphocyte, and CD8+ T lymphocyte counts, while B cell count remains in the normal range \[[@CR24], [@CR32], [@CR33]\]. Also, antibodies (namely IgG, IgM, and IgA) against viral particles rise in the disease course \[[@CR34]\]. Seroconversion of IgM and IgG antibodies begins 4 days after the symptom onset \[[@CR35]\]. Although the median time for seropositivity against the receptor-binding domain of the virus in the serum is equal for different isotypes, IgG is estimated to remain positive in the serum for 75 days, that is the longest period comparing with IgA and IgM, lasting for 51 and 47 days, respectively \[[@CR34]\]. Of note, the social isolation and the resultant stress exacerbate the aforementioned cytokine release in affected patients \[[@CR25]\].

Cytokine storm is a term used for the extreme release of interferons, tumor necrosis factors, chemokines, interleukins, and other mediators in a hyperactive and injurious manner against host tissues \[[@CR36]\]. Cytokine storm is attributed to SARS-CoV-2 as well as SARS-CoV infection and accompany with a spectrum of SIRS manifestations, including hypotension, tachycardia, tachypnea, and fever, leading to adverse clinical outcomes \[[@CR36]\]. Cytokine storm involves the CNS, regarding the fact that most cytokines are either produced in the brain tissue or able to cross the blood-brain barrier in the condition that released cytokines (namely, IL-1β, IL-6, and TNF-α) disrupt the integrity of blood-brain barrier \[[@CR37]\]. So, brain autopsy studies of postmortem SARS-CoV-2 patients demonstrate the infiltration of monocytes, macrophages, and T-lymphocytes into the vessel walls (Fig. [2](#Fig2){ref-type="fig"}) \[[@CR15]\]. Also, interferon-α2 (IFN-α2) and IFN-γ upregulate the expression of ACE-2 receptors and, thus, facilitate the entry of the virus into host cells in-vitro \[[@CR38]\]. Cytokine storm results in neural death, activation of microglia, disruption of synaptic plasticity, and impairment in neurotransmitter metabolism. Cytokine storm is also a predictor of hippocampal atrophy \[[@CR12]\]. Cytokine storm stimulates the secretion of glucocorticoids through manipulation of the hypothalamic-pituitary-adrenocortical axis; nevertheless, the resultant increase in glucocorticoids is not able to suppress the inflammation due to impaired negative feedback mechanism \[[@CR25]\]. Last but not least, the cytokine storm might lead to delayed immune dysregulation after the disease course, manifested by persistent inflammation or immunosuppression, which might cause delayed complications \[[@CR25]\]. CNS features of SARS-CoV, MERS-CoV, and SARS-CoV-2 are summarized in Table [1](#Tab1){ref-type="table"}.Fig. 2WBC infiltration and subsequent CNS damage mediated by SARS-CoV-2. Cytokine storm involves the CNS, and the released cytokines disrupt the integrity of blood-brain barrier. As a result, monocytes and lymphocytes infiltrate into the vessel walls and lead to neuroinflammation, neurodegeneration, and demyelination. CNS central nervous system, WBC white blood cellTable 1CNS features and diseases in SARS-CoV, MERS-CoV, and SARS-CoV-2 infectionsPathogenCNS featuresCNS diseasesReferencesSARS-CoVDirect viral invasion into the CNS through ACE-2 receptors leading to olfactory bulb involvement and resultant anosmiaImmune-mediated CNS damage through SIRS, cytokine storm, cross-reactivity, and WBC infiltrationStrokeGuillain-Barre syndromeEncephalopathySeizureBrainstem involvement\[[@CR14]\]\[[@CR17]\]\[[@CR13]\]\[[@CR39]\]\[[@CR16]\]MERS-CoVDirect viral invasion into the CNSImmune-mediated CNS damage through SIRS, cytokine storm, and cross-reactivityStrokeGuillain-Barre syndromeEncephalopathySeizureBrainstem involvement\[[@CR17]\]\[[@CR13]\]\[[@CR39]\]\[[@CR16]\]SARS-CoV-2Direct viral invasion into the CNS through ACE-2 receptors leading to olfactory bulb involvement and resultant anosmiaImmune-mediated CNS damage through SIRS, cytokine storm, cross-reactivity, and WBC infiltrationNeural degenerationDisruption of synaptic plasticityImpairment in neurotransmitter metabolismDemyelinationDisruption in the integrity of the blood-brain barrierSecretion of glucocorticoids through manipulation of the hypothalamic-pituitary-adrenocortical axisAlzheimer's diseaseParkinson's diseaseStrokeMultiple sclerosisGuillain-Barre syndromeEncephalopathySeizureBrainstem involvement\[[@CR4]\]\[[@CR15]\]\[[@CR12]\]\[[@CR25]\]\[[@CR40]\]\[[@CR41]\]\[[@CR13]\]\[[@CR39]\]\[[@CR16]\]

Regarding the widespread influence of SARS-CoV-2-mediated immune response on CNS, we discuss the inflammatory correlates of neurologic sequelae of SARS-CoV-2 in the following sections.

Pathomechanisms of Immune-Mediated CNS Complications of SARS-CoV-2 {#Sec6}
==================================================================

Brain areas like the hippocampus and midbrain are vulnerable to direct SARS-CoV-2 invasion and induction of Alzheimer's disease (AD) and Parkinson's disease (PD), respectively \[[@CR18]\]. The aberrant immune response characterized by a surge in cytokine levels (e.g., IL-6) derived by SARS-CoV-2 accelerates the process of neurodegeneration that may contribute to the development of neurodegenerative diseases \[[@CR42]\]. The mentioned aberrant immune response may be a consequence of infection of intestinal mucosa and modulation of the gut microbiome by SARS-CoV-2, which can trigger neuroinflammation and neurodegeneration \[[@CR24]\]. Interestingly, modulation of the gut microbiome plays a role in the pathophysiology of AD and PD \[[@CR43], [@CR44]\]. Seemingly, other coronaviruses like human coronavirus OC43 (HCV-OC43) may trigger delayed neural degeneration in animal models \[[@CR45]\].

Alzheimer's Disease {#Sec7}
-------------------

AD, the most prevalent neurodegenerative disorder, is characterized by the accumulation of intraneuronal aggregates of hyperphosphorylated tau and extracellular beta-amyloid plaques \[[@CR37], [@CR46], [@CR47]\]. Considering the role of cholesterol-binding protein (Apolipoprotein E (ApoE)), a potential link between AD and SARS-CoV-2 infection is implicated. Serum cholesterols bind to ApoE receptors and induce ACE-2 receptor transport to the cell surface \[[@CR48]\]. Super-resolution imaging study demonstrates that high cholesterol levels confer a 2-fold increase in SARS-CoV-2 entry sites and thus facilitate the viral entry \[[@CR48]\]. ApoE and ACE-2 are highly expressed in alveolar type II cells, and the ApoE e4 allele modulates the pro-/anti-inflammatory state in macrophages \[[@CR49]\]. On the other hand, ApoE, acting in conjunction with APOC1 and APOJ, transports cholesterol to maintain the myelin and neural membranes, dendritic reorganization, and synaptic turnover \[[@CR50]\]. ApoE functions as a beta-amyloid chaperone through the transport of beta-amyloids to the lysosomes \[[@CR50]\]. ApoE e4 allele associates with increased formation and deposition of beta-amyloid, and ApoE e4-positive mice exhibit increased accumulation of tau aggregates \[[@CR50]\]. In line with these, homozygote ApoE e4e4 not only acts as a risk factor for severe SARS-CoV-2 infection but also confers a 14-fold increase in susceptibility to AD \[[@CR49]\].

A growing body of evidence implicates that neuroinflammation may be an origin of AD. Persistent systemic inflammation can activate glial cells like microglia and astrocytes. Activated microglia secrete pro-inflammatory cytokines (e.g., IL-1β, IL-6, IL-12, TNF-α) \[[@CR37], [@CR51]\]. We hypothesize that not only the persistent systemic inflammation caused by SARS-CoV-2 may act as a trigger for microglial activation but also large amounts of pro-inflammatory cytokines secreted in response to this viral infection may aggravate neurodegeneration leading to AD. Elevated levels of TNF-α associate with a 4-fold increase in cognitive dysfunction \[[@CR37]\]. Increased IL-1β and IL-6 mitigates microglial phagocytosis of β-amyloid plaques and thus impairs synaptic plasticity and memory \[19, [@CR25]\]. IFN induces synaptic degeneration as a mediator of post-viral inflammatory response. It is worth knowing that β-amyloids can encircle viral particles and enhance the aforementioned IFN-mediated response \[[@CR52]\]. On the other hand, NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inflammasomes play a role in microglia-mediated IL-1β release in AD. SARS-CoV-2 open reading frame 3a (ORF3a) protein stimulates NLRP3 inflammasomes, activation of which accelerates the neurodegeneration process in AD \[[@CR12]\].

Parkinson's Disease {#Sec8}
-------------------

PD, the second most common neurodegenerative disorder, is characterized by the degeneration of dopaminergic neurons of substantia nigra pars compacta, along with microscopic findings of intracellular α-synuclein aggregates \[[@CR53]--[@CR56]\]. Autoantibodies against α-synuclein, gangliosides, pigment neuromelanin Ma1/Ma2, leucine-rich glioma inactivated 1 (LGI1), and glutamic acid decarboxylase (GAD65) are found in the serum of PD patients, which implicate a role for autoimmunity in the pathogenesis of PD \[[@CR53]\]. Knowing that SARS-CoV-2 may remain latent in neurons, we hypothesize that autoimmunity in SARS-CoV-2 infection due to cross-reactivity mediated by antiviral antibodies may lead to delayed progression of PD \[[@CR28]\]. This hypothesis is supported by the fact that anti-CoV antibodies are found in the CSF of PD patients \[[@CR28]\]. We also postulate that aberrant cytokine release into the CSF of SARS-CoV-2 patients may increase the risk of progression into PD by aggravating the neurodegeneration process, considering the fact that PD patients exhibit elevated levels of pro-inflammatory cytokines (including IL-1β, IL-6, TNF-α, and IFN-γ) in CSF. Cytokine storm activates microglia, which are implicated in the pathophysiology of PD \[[@CR57]\]. Moreover, the extreme release of cytokines into the CSF mediated by SARS-CoV-2 dysregulates the balance between production, release, and reuptake of neurotransmitters including dopamine, which possibly contributes to the development of PD \[[@CR25]\].

Moreover, the common finding of anosmia (total loss of sense of smell) in PD and SARS-CoV-2 reinforces their association. Anosmia is a common finding in neurodegenerative diseases \[[@CR58]\], and over 90% of PD patients develop anosmia or hyposmia (partial loss of sense of smell). Anosmia may precede motor symptoms of PD and thus can be used as a marker of underlying neurodegeneration \[[@CR59]\]. Although MRI studies of PD patients show that volume and sulcus depth of olfactory bulb decrease, biopsy samples of olfactory epithelium are normal in these patents \[[@CR60]\]. These findings suggest that the observed anosmia in these patients is due to a disturbance in central and not peripheral processing of smell \[[@CR60]\]. Knowing that autopsy studies of postmortem PD patients suffering from anosmia show abundant deposition of Lewy bodies in the olfactory bulb, anosmia is attributed to the distribution of Lewy bodies from the medulla in early stages of PD \[[@CR61]\]. However, in later stages, cognitive deficits and cholinergic denervation may underlie the development of anosmia in these patients \[[@CR60]\].

On the other hand, a recent review reports a nearly 23% prevalence for anosmia in SARS-CoV-2 patients \[[@CR62]\]. Several explanations are suggested to shed light on the underlying cause of anosmia in SARS-CoV-2 patients. At first, it was hypothesized that the local inflammation and the resulting coryza and sinusitis account for anosmia in these patients. However, recent imaging studies demonstrate no signs of sinusitis in SARS-CoV-2 patients. Moreover, the presence of anosmia in the absence of other symptoms suggests that coryza cannot be the reason for olfactory dysfunction in SARS-CoV-2 \[[@CR15]\]. Indeed, milder inflammation and inflammatory infiltrations in SARS-CoV-2 infection comparing with SARS suggest a different route of infection through which the virus transmits via infected macrophages to the supporting cells of the olfactory epithelium and olfactory bulb, leading to impairment of olfactory receptors \[[@CR63]\].

Several findings support this latter hypothesis: first, olfactory epithelial cells (particularly sustentacular cells) and olfactory bulb cells express ACE-2 and TMPRSS2 \[[@CR64], [@CR65]\]. Second, postmortem studies show that the virus can invade the brain through the olfactory epithelium and olfactory bulb \[[@CR66]\]. Third, positron emission tomography--computed tomography (PET-CT) study in SARS-CoV-2 patients with anosmia demonstrate declined orbitofrontal cortex activity, suggesting neural dysfunction \[[@CR67]\]. Forth, the genome sequence of the virus was found in the olfactory mucosa and olfactory bulb, indicating axonal transport \[[@CR66]\]. The latter hypothesis, also known as post-viral olfactory dysfunction, is reported in a case of SARS-CoV as well and is more prevalent among patients with a history of the neurologic disease \[[@CR64]\]. Maintenance of viral load in the olfactory epithelium in post-viral olfactory dysfunction can disrupt the regenerative capacity of neurons \[[@CR64]\].

Stroke {#Sec9}
------

Both ischemic and hemorrhagic strokes are being increasingly reported in SARS-CoV-2 patients and are the most common findings in neuroimaging studies (Table [2](#Tab2){ref-type="table"}) \[[@CR40], [@CR75]\]. The prevalence of stroke is estimated to be between 0.2 and 1% of all infected patients \[[@CR76]\], often proposed as the most common neurologic manifestation in SARS-CoV-2 patients \[[@CR77]\]. High incidence of stroke in SARS-CoV-2 patients under 50 years old without cardiovascular risk factors accompanied by worse outcomes in SARS-CoV-2-mediated stroke comparing with other strokes indicates that this viral infection precipitates the pathways leading to stroke \[[@CR76]\].Table 2Positive para-clinic findings in favor of CNS involvement in COVID-19Para-clinic modalityStrokeMultiple sclerosisGuillain-Barre syndromeSeizure and encephalopathyBrainstem involvementReferenceCTMCA thrombosis and regional infarct\[[@CR68]\]MRICranial and cervical root enhancementCTCT angiographyCT perfusionMRIMRA/MRVLarge vessel or lacunar infarcts, hypoxic ischemia, and hemorrhagic stroke\[[@CR65]\]CTHypoattenuation and impaired gray-white matter differentiation at MCA and ACA territories with consequent brain edema and mass effect\[[@CR66]\]CT angiographyICA stenosisMRIOptic nerve enhancementSupratentorial periventricular demyelinating lesions in occipital and temporal lobes\[[@CR41]\]MRIOptic nerve enhancement\[[@CR69]\]MRIFacial and caudal nerve root enhancement\[[@CR70]\]Nerve conductionAxonal and demyelinating patternsMRIEnlargement, enhancement, and T2 hyperintense signal in cranial nerve III\[[@CR71]\]MRIMultifocal involvement of cortex and white matter, hyperintense areas in T2-weighted, and FLAIR images in temporal, frontal, and occipital lobes and hippocampus\[[@CR72]\]MRIConfluent periventricular lesions of white matter\[[@CR73]\]MRICortical, subcortical, and deep white matter abnormalities in FLAIR images along with abnormalities in frontal, parietal, occipital, and temporal lobes, insular cortex, and cingulate gyrus\[[@CR5]\]MRIT2-FLAIR signal abnormalities in bilateral pons\[[@CR74]\]

Postmortem autopsy studies of SARS-CoV-2-mediated stroke demonstrate hyperemic and edematous brain areas \[[@CR76]\]. Also, micro- and macrothrombosis are found in other organs such as lung and kidney \[[@CR76]\]. These findings indicate that coagulopathy may underlie the occurrence of stroke in these patients. Severe inflammatory response mediated by SARS-CoV-2 can upregulate pro-coagulative factors \[[@CR17]\]. Recent investigations suggest that blood D-dimer, CRP, fibrinogen, and WBC count increases in SARS-CoV-2 patients, which propagate the hypercoagulable state. Moreover, a group of SARS-CoV-2 patients present positive lupus anticoagulant, anti-β2-glycoprotein-1, and anticardiolipin (marker of antiphospholipid syndrome) antibodies, which may precipitate stroke \[[@CR15]\].

Another key contributor to stroke is the vascular wall injury, which induces the release of tissue factor \[[@CR17]\]. Damage to vascular walls may occur as a consequence of direct viral invasion and replication in the vascular epithelium, also known as endotheliitis \[[@CR66]\]. Endotheliitis due to SARS-CoV-2 is reported in other organs such as lung, heart, kidney, and bowel but not yet investigated in CNS \[[@CR15]\]. Also, the aberrant immune response mediated by SARS-CoV-2 may provide the driving force for vascular wall damage \[[@CR23]\]. This process takes place as a component of secondary hemophagocytic lymphohistiocytosis, characterized by inflammatory-mediated tissue damage through hyperactivation of macrophages and lymphocytes, leading to microangiopathy \[[@CR15]\].

Several other mechanisms may increase the risk of stroke in SARS-CoV-2 infection. The cytokine storm mediated by SARS-CoV-2 precipitates microthrombosis \[[@CR41]\]. In fact, elevated expression of pro-inflammatory cytokines (namely IL-1β, IL-6, and TNF-α) increases the risk of ischemic and hemorrhagic strokes \[[@CR78]\]. Also, anti-cytokine therapies against these mediators protect from recurrence of stroke in experimental models \[[@CR78]\]. Moreover, systemic inflammation can ignite atrial fibrillation and rupture the carotid plaques, leading to ischemic stroke \[[@CR15]\]. Also, SARS-CoV-2 downregulates the expression of ACE-2 receptors, which degrade angiotensin II. So, the increase in angiotensin II and the resulting activation of the renin-angiotensin-aldosterone system (RAAS) system promotes sympathetic tone, oxidative stress, and inflammation and triggers fibrotic events \[[@CR79]\].

Multiple Sclerosis {#Sec10}
------------------

Multiple sclerosis (MS) is a chronic disabling disorder characterized by demyelination of white matter and, to a lesser extent, gray matter of CNS \[[@CR51]\]. Recently, the first case-report of MS after SARS-CoV-2 infection was presented in the literature \[[@CR80]\]. A SARS-CoV-2 patient without a history of neurological symptoms developed visual acuity and field defects and hyperreflexia. Orbital and brain MRI investigations demonstrated enhancement of left optic nerve accompanied by demyelinating lesions in supratentorial periventricular areas of occipital and temporal lobes (Table [2](#Tab2){ref-type="table"}). Interestingly, CSF PCR analysis of SARS-CoV-2 was negative, while CSF oligoclonal IgG and IgM were positive, conferring a post-infectious immunological response as an etiology for this phenomenon \[[@CR80]\].

An autoimmune inflammation mediated by activated microglia and cytotoxic T-cells against oligodendrocytes underlies the myelin degeneration in MS \[[@CR51]\]. Elevated levels of pro-inflammatory cytokines (e.g., TNF-α, IL-6, IFN-γ, IL-1β) are found in the CSF of MS patients suffering from either white matter or gray matter deficits \[[@CR24]\]. TNF-α is isolated from active areas of neurodegeneration in postmortem MS brains \[[@CR57]\]. Overexpression of TNF-α stimulates apoptosis of oligodendrocytes and infiltration of immune cells into the CSF, while intrathecal injection of TNF-α monoclonal antibodies prevents from the development of MS in animal models of experimental autoimmune encephalomyelitis (EAE) \[[@CR57]\]. IL-6 maintains the balance between cytotoxic and regulatory T-cells. Overproduction of IL-6 inhibits the differentiation of T-cells into regulatory T-cells and thus promotes the inflammatory state and demyelination in mice \[[@CR57]\]. In line with this, IL-6 deficient mice are resistant to MS, and administration of IL-6 receptor (IL-6R) antibodies inhibits the myelin degeneration in EAE mice \[[@CR57]\]. Moreover, the aberrant release of IL-6 disrupts the blood-brain barrier integrity and facilitates the infiltration of cytotoxic T-cells \[[@CR57]\]. Last but not least, IL-1β receptor (IL-1βR) antibodies antagonize the demyelination process in rat models of EAE, which suggests a role for IL-1β in the pathogenesis of MS \[[@CR81]\]. After all, knowing that the aforementioned cytokines surge as a result of SARS-CoV-2 mediated inflammation, we postulate that persistent inflammation in SARS-CoV-2 may propagate myelin destruction and lead to delayed progression of MS.

Moreover, it is hypothesized that an autoimmune reaction mediated by the cross-reaction between viral particles and myelin basic protein may provide the driving force for neural demyelination. This hypothesis is supported by the fact that genome of other coronaviruses like CoV-OC43 and CoV-229E, as well as their antibodies, are isolated from CNS of MS patients, and coronavirus-like particles are found in perivascular cuffs of human MS brain \[[@CR82]\]. In fact, the virus might lie dormant in astrocytes and oligodendrocytes and trigger the autoimmunity mediated by molecular mimicry. Interestingly, intracranial inoculation of murine coronavirus (mouse hepatic virus (MHV)), induces optic neuritis and focal encephalitis leading to chronic demyelination in mice \[[@CR83]\]. In this case, both innate and adaptive immune responses comprising of activation of microglia, B cells, CD4 T cells, and CD8 T cells along with the direct viral toxicity are proposed to mediate myelin stripping \[[@CR68], [@CR70]\].

Guillain-Barre Syndrome {#Sec11}
-----------------------

GBS is a post-infectious autoimmune cause of polyneuropathy in predisposed individuals that leads to flaccid paralysis of lower extremities, along with autonomic and sensory deficits \[[@CR69]\]. Autoimmunity is the milestone of GBS pathophysiology. Neurotrophic macrophages present bacterial or viral particles to lymphocytes in peripheral nervous system (PNS) \[[@CR69]\]. The resultant immune response (i.e., complement and macrophage activation, cytokine release, and free radical production) accompanied with the molecular mimicry between pathogen epitopes and host gangliosides such as N-acetylgalactosaminyl GD1a (GalNAc-GD1a), ganglioside D1a (GD1a), ganglioside (GM1), and ganglioside M1b (GM1b) and myelin proteins result in acute neural damage \[[@CR69]\].

GBS is reported in other post-viral infections, including influenza, enteroviruses, Zika, SARS-CoV, MERS-CoV, and SARS-CoV-2 \[[@CR13]\]. Several cases of GBS due to SARS-CoV-2 infection are presented in the literature with the varying onset of GBS symptoms from a day before to 3 weeks after presentation of SARS-CoV-2 symptoms \[[@CR71], [@CR84]\]. Enhancement of cervical and cranial roots (e.g., optic, oculomotor, and facial nerves) in MRI studies along with presence of axonal and demyelinating patterns in nerve conduction studies are suggestive of GBS in SARS-CoV-2 patients (Table [2](#Tab2){ref-type="table"}) \[[@CR71], [@CR84]--[@CR86]\].

Several findings indicate that the occurrence of GBS in SARS-CoV-2 is mediated by an autoimmune response mediated by molecular mimicry and not the direct viral invasion. Binding of SARS-CoV-2 spike protein to cell surface occurs not only through ACE-2 receptors but also through sialic acid--containing glycoproteins and gangliosides. Considering the fact that anti-ganglioside antibodies are found in the serum of SARS-CoV-2-triggered GBS patients, a cross-reactivity between SARS-CoV-2-binding gangliosides and peripheral nerve glycolipids are implicated \[[@CR87]\]. Also, recent experiments are not able to detect the viral genome in CSF of a high proportion of post-SARS-CoV-2 GBS patients \[[@CR23], [@CR39], [@CR72]\]. Moreover, the administration of intravenous immunoglobulin (IVIg) resolves symptoms and improves the outcomes in post-SARS-CoV-2 GBS patients \[[@CR59]\].

Other plausible theories may underlie the development of GBS in SARS-CoV-2. A shift in immune response toward pro-inflammatory cytokines (e.g., IL-1β, IL-6, TNF-α, and IFN-γ) occurs in acute stages of GBS and mediate neural degeneration \[[@CR69]\]. Similarly, elevated levels of IL-1β and IL-6 are found in the CSF of GBS patients \[[@CR69]\]. So, the release of pro-inflammatory cytokines in SARS-CoV-2 may propagate the neurodegeneration leading to GBS. Also, the SARS-CoV-2-mediated cytokine storm may result in disruption of blood-brain barrier integrity and infiltration of lymphocytes leading to GBS \[[@CR73]\].

Seizure and Encephalopathy {#Sec12}
--------------------------

Recent retrospective, case series, and case report studies indicate that SARS-CoV-2, as well as SARS-CoV and MERS-CoV patients, is prone to encephalopathy and seizure \[[@CR88]\]. Brain MRI studies of these patients demonstrate multifocal involvement of cortex and white matter (including periventricular areas), along with multiple hyperintense areas in T2-weighted and FLAIR images in temporal, frontal, and occipital lobes and hippocampus (Table [2](#Tab2){ref-type="table"}) \[[@CR74], [@CR89]\].

Consequences of SARS-CoV-2 infection, including organ failure, hypoxia, metabolic disturbance, and direct viral invasion into the CNS, are proposed to explain the observations of encephalopathy and seizure in these patients \[[@CR88]\]. However, most findings are in favor of immune-mediated encephalopathy and seizure. Except for two case reports, all the remaining studies are not able to detect the viral genome in the CSF of these patients \[[@CR41]\]. Seemingly, most patients exhibit a dramatic response to plasmapheresis and steroid therapy, which indicates a role for autoimmune-mediated injury \[[@CR23]\]. As mentioned before, the aberrant release of pro-inflammatory cytokines like IL-1β, IL-6, and TNF-α disrupts blood-brain barrier permeability, and the resulting infiltration of WBCs and activation of microglia and astrocytes damages neurons and glial cells \[[@CR24], [@CR41]\]. Also, it is speculated that the viral-mediated production of autoantibodies against glial cells might be responsible for neural injury \[[@CR74]\].

Brainstem Involvement {#Sec13}
---------------------

Transgenic mice infected by SARS-CoV and MERS-CoV exhibit brainstem involvement due to trans-synaptic projection of the virus throughout the olfactory epithelium, olfactory bulb, thalamus, and finally the brainstem \[[@CR16]\]. The virus might target the primary respiratory oscillator (known as pre-Bötzinger complex) in the brainstem and result in respiratory failure in these animal models \[[@CR16]\]**.** Seemingly, acute respiratory failure due to brainstem dysfunction is reported in SARS-CoV-2 patients \[[@CR90]\]. Also, a recent case study reports post-infectious brainstem involvement presenting with involuntary movements, myoclonus, and hyperekplexia after gradual respiratory symptom relief in a case of SARS-CoV-2 \[[@CR91]\]. Postmortem autopsy studies elucidate areas of hyperemia and edema and neurodegeneration in the brainstem \[[@CR90]\]. MRI findings in a case of brainstem involvement demonstrate high signal lesions in bilateral pons in T2-FLAIR images (Table [2](#Tab2){ref-type="table"}) \[[@CR92]\]. These findings are in favor of brainstem involvement due to direct viral invasion. However, the absence of viral genome in CSF along with the presence of inflammatory mediators (namely TNF-α and interleukin-8 (IL-8)) and pleocytosis in CSF in a group of patients with brainstem dysfunction suggests that the aberrant immune response might underlie the brainstem dysfunction in SARS-CoV-2 \[[@CR90]\].

Conclusion and Future Remarks {#Sec14}
=============================

SARS-CoV-2 pandemic, beginning in December 2019, has now become a global concern. Although the acute respiratory manifestations of the disease are greatly considered, reports of neurologic sequelae are dramatically increasing. A recent cohort study of SARS-CoV-2 patients reported a 4.3% prevalence for neurologic symptoms, other than anosmia and headache \[[@CR93]\]. Also, para-clinic investigations support the idea of post-SARS-CoV-2 CNS involvement (Table [2](#Tab2){ref-type="table"}).

Although the CNS complications might be a consequence of direct viral invasion into the CNS, recent findings are in favor of immune-mediated CNS involvement \[[@CR31]\]. SARS-CoV-2 genome sequences are frequently undetectable in the CSF \[[@CR93]\]. Also, recent studies suggest that blood-brain barrier integrity is disrupted, and lymphocytic pleocytosis and WBC infiltration into the CNS occur in these patients \[[@CR93]\]. Interestingly, the presence of auto-antibodies against gangliosides in SARS-CoV-2 patients suggests that an autoimmune phenomenon mediated by the virus might underlie the neurologic symptoms \[[@CR93]\].

As a result, we propose that the aberrant immune response mediated by SARS-CoV-2 is responsible for the majority of acute or chronic neurological manifestations. In fact, SARS-CoV-2 infection increases the risk of Alzheimer's disease, Parkinson's disease, stroke, multiple sclerosis, Guillain-Barre syndrome, seizure, encephalopathy, and brainstem involvement through different immune pathways including cytokine storm, autoimmunity, microglial and inflammasome activation, gut microbiome modulation, WBC infiltration into the CNS, inflammatory-mediated vascular wall injury, and upregulation of pro-coagulative factors (Fig. [3](#Fig3){ref-type="fig"}). Precise investigation and follow-up of SARS-CoV-2 patients is warranted in this issue, as the delayed presentation of these complications may lead to underdiagnosis. Immunomodulatory drugs such as cytokine-blocking therapies (e.g., IL-6R monoclonal antibodies, TNF-α inhibitors, IL-1β antagonists), antibodies against viral spike proteins and viral binding receptors (ACE-2), anti-inflammatory drugs like nonsteroidal anti-inflammatory drug (NSAID), and prophylactic antibodies are under investigation in the prevention and treatment of SARS-CoV-2 \[[@CR94], [@CR95]\]. However, the efficiency of these drugs to decline the burden of short-term and long-term neurological manifestations of SARS-CoV-2 is yet to be investigated.Fig. 3The pathomechanisms of immune-mediated CNS involvement in SARS-CoV-2 infection. SARS-CoV-2 induces neurodegeneration through cytokine storm, autoimmunity, microglial and inflammasome activation, and gut microbiome modulation. These pathways lead to development of Alzheimer's disease in susceptible individuals and worsen the severity of Parkinson's disease in affected patients. Inflammatory-mediated vascular wall injury, atrial fibrillation, carotid plaque rupture, and upregulation of pro-coagulative factors may increase the risk of stroke in these patients. Cytokine storm and autoimmunity induced by cross-reactivity between viral particles and CNS components may contribute to the development of autoimmune disorders of CNS, like Guillain-Barre syndrome. Also, the aforementioned mechanisms exacerbate symptoms in multiple sclerosis patients. Cytokine storm induces microglial activation and WBC infiltration into the CNS and, thus, precipitates seizure and encephalopathy. CNS central nervous system, WBC white blood cell. Adopted from <https://www.dpz.eu/de/infothek/wissen/coronaviren.html>, by Markus Hoffmann. Adopted with permission
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